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A key stage in determining the phenotype(s) conferred by a plasmid is its displacement, or ‘curing; to create a plasmid-

free strain. However, many plasmids are very stable, not only because they contain multiple replicons, but also because

they can encode post-segregational killing systems that reduce the viability of plasmid-free segregants. We have devel-
oped an efficient curing strategy that involves combining key regions of the replicons and the post-segregational kill-

ingloci into an unstable cloning vector carrying sacB, which confers sensitivity to sucrose. Targeting plasmids of both
the F family of Escherichia coli and the broad-host-range IncP-1 family, we demonstrated displacement of susceptible

resident plasmids from all clones tested. Growth on sucrose allowed the isolation of many clones without either plas-

mid. This strategy is highly efficient and avoids the stress of inducing and surviving the effects of post-segregational
killing systems or other lethal gene products.

Introduction

Many bacteria carry a variety of mobile
genetic elements that can contribute signifi-
cantly to their diversity and adaptability (1).
Although current DNA sequence databases
allow predictions about function based
on bioinformatics, it is still important to
experimentally test the contribution of
plasmids to the phenotype of their host.
To do this, one must (7) obtain a plasmid-
free segregant that haslost the plasmid and
determine what properties have changed,
and (i) transfer the plasmid to a new strain
and determine what new phenotype(s) is
acquired (2). Important for this empirical
work is the displacement of the plasmid
from its host, a process called curing. While
some plasmids are naturally unstable, many
are very persistent and active curing strat-
egies are needed to obtain plasmid-free
bacteria.

The classic strategy to cure a strain of its
resident plasmid is to stress the host bacteria
in some way, such as by growth at high
temperatures or in the presence of detergent,
mutagens, or other DNA-modulating
agents (2). Unfortunately this may also
favor mutation of the chromosome

irrespective of whether the plasmid has
been displaced, thereby seriously under-
miningany conclusions (although this issue
does not seem to have been systematically
investigated). Alternatively, plasmid incom-
patibility—arising when two plasmids
carry related replication or stable inheri-
tance functions—can be used to displace
the resident plasmid (3). Displacement can
be unidirectional if one of the two plasmids
contains a second unrelated replicon,
especially if it has a naturally higher copy
number (4). If plasmid elements (c.g., copy
number regulators or replication origins)
are cloned into a compatible vector, they
can block replication of the endogenous
plasmid. This is a powerful approach that
is also the basis of a general plasmid classi-
fication system (5).

However, a major barrier to curing is
that many plasmids encode what are called
post-segregational killing systems (PSKs)
(6). Killing of plasmid-free segregants
happens because the plasmid leaves behind
atoxin that becomes active after loss of the
plasmid. Known systems encode cither a
slowly activated mRNA which encodes a
toxin, or a protein toxin itself. Production of
active toxin is prevented while the plasmid

is present, either by regulation of trans-
lation of the toxin-encoding mRNA with
antisense RNA or by antidote proteins.
In both cases, the regulator or antidote is
unstable and so rapidly disappears once
the plasmid that encodes them is no longer
present. If the bacteria survive loss of the
plasmid, they may have an increased chance
of carrying mutations because some PSKs
target DNA gyrase (7,8)—inducing the
SOS response—causing elevated error-
prone repair and mutation rate. Therefore,
to improve a plasmid displacement strategy
based on incompatibility, we proposed that
the curing vector should be supplemented
with the plasmid’s PSK system’s antitoxins
or anti-sense RNA genes. This point does
not seem to have been generally recog-
nized in the design of plasmid displacement
strategies to date, although while this
manuscript was being prepared, a paper that
implicitly covers this point with respect to
the Agrobacterium tumefaciens Ti plasmid
was published (9).

Using this principle, we devised a
general strategy to achieve efficient plasmid
displacement and apply it to displace F-like
and IncP-1 plasmids from their hosts.
pOI157 isa typical F-like plasmid, possessing



multiple replicons and stable inheritance
functions (10,11). Previously pO157-free
strains have been obtained by incompati-
bility with a mini-replicon derived from just
partof the pO157 genome, but curing was
only successful in a proportion of the trans-
formants (12). By contrast, our approach
results in highly efficient displacement and
can be extended to other F-like plasmids.
We have also developed a similar strategy
to cure IncP-1 plasmids (13,14) demon-
strating the general applicability of this
strategy to other groups of plasmids.

Materials and methods

Bacterial strain, plasmids,

and growth conditions

E. coli K12 strains used were DH5« (15),
$17-1(16),NEM259 (17),and JM109 (18).
E. coli O157:H7 Sakai strain stx- (toxin
deficient) (12) was used to reduce health
risks. Plasmids used or constructed during
this work are listed in Supplementary Table
S1.The standard medium was Luria Bertani
(LB) broth, or L-agar (LB solidified with
1.5% w/v agar) and growth was at 37°C.
Antibiotics used were kanamycin, 50 pg/
mL; penicillin, 150 ug/mL (broth) or 300
y.g/mL (agar); streptomycin, 30 ;,Lg/mL;
and trimethoprim, 100 pg/mL.

DNA isolation, manipulation,

and sequencing

Small-scale purification of plasmid DNA
used a modified Birnboim and Doly
procedure (19). PCR products for sequencing
or further study were cloned using the
Promega pGEM-T Easy vector system.
Agarose gels were run in TAE (20). DNA
sequencing was carried out using the Big dye
terminating kit manufactured by PE-ABI,
which is based on the chain termination
method (21). The sequencing reactions
were run on an ABI 3700 DNA sequencer
(Functional Genomics Lab, University of
Birmingham, Edgbaston, UK).

Table 1. Genetic loci included in pCURE1 and pCURE2

Locus

p0157

repFIA (incC)
repFIB
repFIC (copAB)
repFIC/FIIA (copAB)
flmB (sok)
letA (ccdA)
pem!

srnC (sok)

Transform selected strains
with pCURE and pAKEG04

Purify to single
colonies

Check for loss of resident
plasmid by PCR, antibiotic

sensitivity, or plasmid
é“'??‘

isolation
e

Grow in broth without
selection

Dilute and spread on L-agar
containing sucrose

Check for loss

of pCURE by PCR,
antibiotic sensitivity, or
plasmid isolation,

and preserve modified strain

Figure 1. Summary of the general pCURE plas-
mid curing procedure. Starting from a strain
that carries a plasmid to be displaced the
pCURE plasmid is introduced by transforma-
tion or conjugation. After purifying the bacteria
carrying the pCURE plasmid, displacement of
the resident is checked by phenotypic screen-
ing or DNA isolation and gel electrophoresis.
Finally, loss of the pCURE plasmid is selected
by growth on sucrose and confirmed by screen-
ing of plasmid DNA.

PCR

PCR reactions were performed by
standard protocols (22). Primers (Alta
Bioscience, University of Birmingham)
were designed to flank the region of
interest with extra restriction sites for
cloning if needed (Supplementary Table
S2). The DNA polymerases used were
Expand High Fidelity system (Cat.
no. 03033242001; Roche, Mannheim,
Germany) for gene cloning and Zagq
DNA polymerase (Cat. no. 18038026;
Invitrogen, Carlsbad, CA, USA) for
confirmation of chromosomal genotype.
Glycerol was also added to the diagnostic

Coordinates?

p1685/97 pKDSC50

48,289-49,890
2351-3053

24,300-25,062

73,732-73,988
51,692-52,170

40,448-40,857
124,504-124,270

PCR reactions to a final concentration of
5%. PCR products were purified using a
HIGH Pure PCR Cleanup kit (Cat. no.
04983955001; Roche). Standard PCR
conditions were as follows: denaturation
at 94°C for 4 min; 10 cycles of denatur-
ation at 94°C for 30 s, annealing at 59°C
for 30 s, annealing at 57°C for 15 s, and
extension at 72°C for 90 s; 20 cycles of
denaturation at 94°C for 30 s, annealing
at 59°C for 30 s, annealing at 57°C for
15 s, and extension at 72°C for 90 s with
an increment of 5 s every cycle; and final
extension at 72°C for 7 min.

General design and construction of
pCURE plasmids

The core system uses a plasmid vector that
is lost at low frequency in the absence of
selection. We used pAKE604 (23) based
on the pMBI replicon from pEX100T
(24). It can be introduced by trans-
formation or mobilized by the IncP-1
transfer system in strain $17-1 due to
inserted 07iTrk, and is selected by resis-
tance to kanamycin or ampicillin. The
plasmid also carries sacB encoding levan
sucrase that polymerizes fructose from
sucrose onto a sucrose starter unit in the
periplasm: this causes Gram-negative
bacteria to become sensitive to sucrose
and allows plasmid-free segregants to be
isolated easily (25). The functionality of
sacB, as indicated by sensitivity to sucrose,
must be checked regularly by spreading
bacteria with the plasmid on agar with
kanamycin and 5% (w/v) sucrose.

To create pCURE plasmids, repli-
cation and stable inheritance functions
were identified in the target plasmid by
BLAST searches and elements expected to
interfere with their function were chosen.
For replication, this involved either
repression of a vital component of the
system (e.g., a transcriptional repressor,
an antisense RNA, or other translational
regulator) or competition for a vital step

F pCURE1 pCURE2
49,141-49,476 7410-7735
4337-5937 4950-6550
5937-6797 6550-7410
7735-8435
3582-3852 3582-3852
3852-4337 3852-4337
4337-4737
4737-4950

aFor p0157, p1685/97, pKDSC50, and F, the coordinates correspond to the coordinates in the annotated sequence from GenBank that defines the end of
complementarity to the primers used for PCR. For pCUREL and pCUREZ, the coordinates correspond to the middle of the restriction sites that define the ends of
the segments joined by ligation and inserted into pAKE604.
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Figure 2. Visualization of p0157 displacement
by pCURE1. Agarose gel electrophoresis of plas-
mid DNA extracts showing loss of pO157 when
pCUREL, but not pAKE604, is introduced.
Plasmid pOSAK is the small resident plasmid
that is also present in E. coli 0157.

in the process (e.g., a replication origin).
For PSK systems, we chose the putative
antidote protein for proteic systems or the
region encoding any repressor antisense
RNA for non-proteic systems. PCR
primers were designed to amplify one or
more of each key element to increase the
chance of functioning against divergent
but related systems. Careful choice of
restrictions sites allowed the products to
be joined without regenerating the sites.
The PCR products were cloned into the
vector pPGEM-T Easy and the sequence
validated before insertion into pAKE604.
This created multifunctional DNA tracts
relatively devoid of restriction sites.

Standard plasmid curing experiment

The general strategy is outlined in Figure
1. The pCURE plasmid was introduced
into a chosen strain either by transfor-
mation of competent bacteria or by conju-
gative transfer from the E. coli strain
S$17-1 and selected on agar that prevents
growth of the donor bacteria but also
contains kanamycin to select the pPCURE
plasmid. Transformants or transconju-
gants were purified to single colonies on
selective agar and then checked for the
presence of the resident plasmid either on
the basis of selectable markers (normally
25 colonies were replica-plated), plasmid
DNA preparations (normally 12 culcures
were analyzed), or by PCR amplification
of a plasmid region (normally DNA
extracts of two strains were checked).
Assuming successful displacement, a
purified clone that demonstrated sensi-
tivity to sucrose was then grown without
selection. Segregants that had lost the
pCURE plasmid were then selected by
growth on L-agar plus sucrose without
antibiotic. Sucrose-resistant colonies were
checked for the absence of the pPCURE
plasmid by checking loss of antibiotic

resistance (normally 25 colonies were
replica-plated), as well as by disappearance
of the plasmid band in DNA extracts
(normally 12 cultures were analyzed).

Results and discussion

Design and construction of
pCUREI to displace pO157
The first displacement plasmid produced,
pCUREI, was designed to displace
pO157 from its host E. coli O157:H7.
This served as a useful test of our proposed
strategy because pO157 contains multiple
replicons and PSK systems representative
of F incompatibility group plasmids
(10,11): two replicons—repFIIA (26)
and repFIB (27)—and two post-segrega-
tional killing systems, designated ccdAB
(letAB) (28) and parB (hok/sok) (29,30)
(Table 1). To block replication, we chose
the antisense RNA, CopA, that indirectly
blocks translation of the repFIIA rep gene
(31) and the combination of the FIB rep
gene and associated iterons (Rep protein
binding sites) which both combine to give
the control of replication (32). To block
the PSK systems, we chose the control/
antidote regions from the identified post-
segregational killing systems (sok of the
hok/sok system and lezA from the lezrAB
system). Primers were designed to amplify
cach of these loci, PCR was performed, the
products cloned, their sequences checked,
and then sequentially joined together and
inserted into pAKE604 (as described in
the “Materials and methods” section) to
give pCUREL

Sucrose sensitivity conferred on
E. coli DH50.by pCURE1 was checked as
described in the “Materials and methods”
section. Starting from a single sucrose-
sensitive colony of DH5a (pCUREL),
we then checked that sucrose-resistant
bacteria had lost the plasmid. After
growth with selection, 0.04% of the
population was sucrose-resistant; in the
absence of selection, this rose to 0.13%.
Plasmid loss was confirmed in all sucrose-
resistant colonies tested, first by loss of
kanamycin resistance and second by
plasmid DNA extraction and gel electro-

Table 2. Genetic loci included in pCURE11

Locus

oriV
parD
korA-incC

phoresis. These results confirmed that
pCUREI confers sucrose sensitivity and
that segregants that have lost pPCUREI
can be selected with sucrose.

Validation of the curing

capacity of pCUREL1

E. coli O157:H7 stx- was transformed
separately with pCURE] or pAKE604,
its parent vector. No difference in the
transformation frequency or colony size by
the two plasmids was detected indicating
no activation of the PSK systems. Trans-
formants were purified by two rounds
of streaking to single colonies on agar,
selecting for pCUREIL. Plasmid DNA
isolation from randomly selected clones
showed that the pO157 bands disappeared
in the presence of pPCUREI but remained
with pAKEG604 (Figure 2). Overnight
growth without kanamycin and then
selection for sucrose resistance resulted
in loss of both pCUREI and pAKE604.
Using PCR with pO157-specific primers,
we confirmed that pO157 had not
integrated into the chromosome as a
result of curing by pCUREL. These data
therefore demonstrate that the genetic
determinants chosen for inclusion in
pCUREL are sufficient to achieve efficient
displacement of pO157.

Construction of pCURE2 to displace
awider range of F-like plasmids

To extend the usefulness of pPCUREL to
cure a more diverse range of the F incom-
patibility group plasmids, we designed
pCURE2 after performing BLAST
searches with representative plasmids
from the FI, FII, FI/II incompatibility
groups. Replicons or PSK systems not
present in pCURE], or those that had
identities of <80% to those in pO157, were
identified and a representative selection
of loci were amplified and cloned into
pCUREI. The additional genetic loci
chosen were s7nB/srnC from pl658/97
(33) (the coding region for antisense RNA
srnCwas amplified) and peml/pemK from
p1658/97 (33) (the coding region for the
Pem]I anti-toxin protein was amplified)

for PSK systems; and RepFIA from F (the

Coordinates2
RK2 pCURE11

12,366-12,992 5200-5828
35,029-35,395 3589-3955
58,239-59,466 3955-5200

inserted into pAKE604.

aFor RK2 the coordinates correspond to the coordinates in the annotated sequence from GenBank that
defines the end of complementarity to the primers used for PCR. For pCURE11 the coordinates corre-
spond to the middle of the restriction sites that define the ends of the segments joined by ligation and
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complete sequence of F is not yet published but is available as
NCBI sequence accession no. NC_002483) and RepFIIA from
pKDSC50 (34) for replication systems. The incC region of F
repFIA replicon contains five direct repeats that bind RepE,
the replication initiator protein, and is involved in copy number
control and incompatibility (35). As described for pPCUREI
above, the repFIIA replicon is regulated by repressor CopB
and antisense RNA CopA. The extra four loci were spliced into
pCUREI as described in the “Materials and methods” section.
The result was a plasmid (Table 1) that should have been capable
of displacing a wider range of F-like plasmids.

This second-generation plasmid, pCURE2, was tested for
its ability to displace additional IncF plasmids. We first tested
it against pKDSC50, which is similar to pO157 in having just
two replicons (RepFIB and RepFIIA), but carries a divergent
FIIA replicon. The results confirmed that pCURE2 displaces
pKDSC50 from all tested clones. A more stringent test was to use
it against a derivative of F itself that contains three replicons. For
this we chose the F’ plasmid carrying the proAB lacZA chromo-
somal segment that is present extensively in standard E. coli
laboratory strains; we chose JM109 for this purpose. Neither
pAKEG604 nor pPCUREI could displace the F’, with all transfor-
mants tested (at least 20) retaining the ability to complement the
auxotrophic defect in JM109. However, introduction of pCURE2
resulted in an inability to grow on minimal medium due to the
loss of the proAB genes carried on the F’. This confirms that the
extra genes in pCURE2 make it more effective than pCUREI
in displacing complex F plasmids.

Design and construction of pCUREI11

to displace IncP-1 plasmids

To show that this strategy can be applied to other plasmid groups,
we constructed apCURE plasmid for the IncP-1 group. The repli-
cation origin (o7iV), as well as parD, kord, and incC genes were
amplified from the IncP-1a plasmid RK2 (13) using PCR and
cloned into pAKE604 to form pCURELI (Table 2). For ori/ the
chosen region included its nine iterons, which should titrate TrfA
replication initiator protein away from o7i/” (36) and possibly
actively block its function through handcuffing that limits access
to host proteins (37). ParD is an anti-toxin to a post-segregational
killing system and autogenously regulates a two-gene operon (38).
KorA and IncC are encoded by the central control region (cc7)
and are concerned with repression (39) and active partitioning
respectively (40). The KorA regulon includes—and represses—
the t7fA4 operon, which is essential for replication (41), while IncC
produced in trans is known to destabilize RK2(42). These regions
were amplified by PCR and cloned into pAKEG604 as described
in the “Materials and methods” section.

Validation of pCUREII curing properties

The ability of pCUREII to displace IncP-1a plasmids from
their host was tested using pRK24, a derivative of RK2 that
does not confer kanamycin resistance (43). Displacement of
pRK24, identified by screening for loss of tetracycline resistance,
occurred in all transformants tested with pCUREL1, but none
of pAKEG604 transformants. Curing of the IncP-1a plasmid by
pCUREIL1 was further verified by extraction of plasmid DNA and
gel electrophoresis. The pPCURELI transformants were sucrose-
sensitive, as expected, and sucrose-resistant derivatives had lost
pCUREII as indicated by both kanamycin sensitivity and DNA
profile. Thus pCUREI1I can cure an IncP-1 plasmid from E. coli
and pCUREI1-free segregants can then be selected by growth

in the presence of sucrose.

www.BioTechniques.com



Since the IncP-1 plasmids consist of
a number of subgroups, the ability of
pCURELI to displace IncP1-8 plasmids
from their host was investigated using
IncP1-f plasmid R751 (14). After trans-
formation of E. coli NEM259[R751],
loss of trimethoprim resistance indicated
displacement of R751 by pCUREI11 but not
pAKEG04; this conclusion was confirmed
by plasmid DNA isolation and gel electro-
phoresis. Thus, as predicted, the IncP-1 loci
chosen were sufficiently generic to work on

plasmids from both « and f subgroups.

Conclusions

The work described in this paper demon-
strates the effectiveness in plasmid curing
of newly constructed plasmids that incor-
porate genetic loci that not only interfere
with replication but also, crucially,
neutralize the action of PSK systems
encoded by the target plasmid. To allow
the subsequent selection of plasmid-free
segregants the pCURE system uses an
unstable vector that carries the counter-
selectable sacB gene.

The power of our approach is demon-
strated particularly with the complex
IncF plasmids, which often carry
multiple replicons and stability determi-
nants and are well known for being very
difficult to cure (12,44). By contrast, the
pCURE approach is highly effectively
and does not appear to involve loss
of viability of the bacteria due to the
displacement at any stage. The recent
report of coupling the new Ti plasmid
PSK system to the previously described
replication-based displacement vector
(9,45) appears to corroborate this as an
effective approach.
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